INTRODUCTION
Influenza A viruses have been isolated from various species, including humans, wild birds, swine, dogs, minks, felids, marine mammals and a wide range of domestic birds; however, wildfowl and shorebirds are thought to form a natural reservoir for these viruses (Olsen et al., 2006) . To date, 16 haemagglutinin (HA: H1-H16)) and nine neuraminidase (NA: N1-N9) external glycoprotein subtypes have been identified in wild birds (Belser et al., 2009; Olsen et al., 2006) . Usually, species barriers prevent avian influenza viruses (AIVs) from infecting or replicating efficiently in different hosts. However, interspecies transmission of influenza A viruses among humans, pigs, birds and other mammalian species is common. Viruses of the H1 and H3 subtypes in particular have repeatedly overcome species barriers to establish distinguishable lineages that are currently co-circulating in humans, pigs and wild birds (Alexander, 2007) . Many reports suggest that the H1 virus can cross from birds to mammals and pose a threat to public health. Similarly, reverse transmission of influenza virus from mammals to birds has also been reported (Halvorson et al., 1992; Mohan et al., 1981; Pomeroy, 1982) .
The pig acts as a 'mixing vessel' because it is an intermediate host for the reassortment of influenza A viruses (Brown, 2001; Ito et al., 1996; Kundin, 1970; Schultz et al., 1991) . The pandemic pdm09 (H1N1) virus, which emerged in humans in Mexico in 2009, demonstrated that influenza A viruses continue to pose a critical threat to global public health. The animal origin of the viruses highlights the potential for interspecies transmission, which may lead to viral reassortment, as in the case of a quadruple reassortant with genome segments traceable to two major lineages of porcine, as well as avian and human, influenza viruses (Smith et al., 2009 ). Swine influenza viruses, including the swine-origin influenza virus H3N2 [(H3N2)v] (Lindstrom et al., 2012) and the triple-reassortant swine H1N1 (Amonsin et al., 2006) , can be transmitted directly from pigs to humans. . The aims of this study were to compare the genetic characteristics and pathogenicity of H1 influenza viruses and to investigate their potential for replication in multiple species by examining the replication of avian viruses in mammals and the replication of swine viruses in avian species.
RESULTS

Virus isolation
All viruses were isolated from domestic ducks and wild birds by the Animal and Plant Quarantine Agency (Anyang, Korea) during active surveillance programmes running from 2005 to 2010. In total, 27 H1 influenza viruses were isolated from domestic ducks and wild birds. 
Molecular characterization
All of the viruses in this study harboured the amino acid sequence PSIQSR/GLF within the HA cleavage region, which is characteristic of low-pathogenic influenza viruses. All eight viruses expressed avian-type receptors (Q224 and G226), and the three swine viruses harboured avianorigin PB2, with A at position 271, S at position 590 and R at position 591. The HA protein of the three swine viruses also had D at positions 190 and 225, which are key determinants of effective binding to human-like a(2,6) receptors. Moreover, all eight viruses harboured a mutation (L89V) in PB2 and full-length (90 aa) PB1-F2. The remaining viruses, except Dk/372/09 and Wd/PSC30-20, harboured a mutation (P42S) in non-structural protein 1 (NS1), which confers virulence in mammals.
By contrast, none of the eight viruses harboured known amino acid substitutions in PB2 (E627K, D701N and A44S) or matrix protein M1 (N30D), which increase virulence in mice. In addition, none of them harboured the I368V mutation in PB1, which may be correlated with H5 virus transmission among ferrets, nor did any of them harbour the NA stalk deletion (aa 69-73) or the deletion of aa 80-84, which signify virus adaptation to terrestrial birds. The M2 protein of one swine virus (Sw/GBCG01/10) harboured a S31N mutation, which is known as the amantadine resistance marker.
Phylogenetic analyses of poultry, wild-bird and swine viruses Phylogenetic analysis of the three HA genes isolated from swine identified two distinct subgroups. Two swine isolates (Sw/251-1/08 and Sw/GBCG01/10) clustered in swine I along with swine viruses from China, the USA and Korea, whilst the other swine isolate (Sw/GNO5K1/05) clustered in swine II along with the North American isolates (Fig. 1) . However, the HA genes of all three swine viruses were clearly distinct from those of human or avian viruses. For the remaining genes, the Sw/GBCG01/10 isolate clustered in the human lineage along with other human viruses isolated in 2009-2010, whereas the other two swine viruses clustered in the swine lineage along with other viruses isolated from swine ( Fig. S1c-h , available in the online Supplementary Material). The genetic makeup of the Sw/ GBCG01/10 isolate indicated that the HA gene belonged to the swine lineage, whilst the other genes belonged to the human lineage ( Fig. S1c-h ).
The HA and NA genes within the domestic duck and wildbird isolates belonged to the Eurasian lineage and grouped with other viruses isolated in Eurasia. The HA genes were 93.8-97.8 % identical (Figs 1 and S1a, b). The polymerase acidic protein (PA), nucleoprotein (NP) and matrix (M) genes showed a similar pattern, clustering in the Eurasian lineage and sharing 93.8-98.9, 91.7-93.9 and 95.6-99 .1 % nucleotide identity, respectively ( Fig. S1e-g ). By contrast, the PB1 gene of Wbf/CSM12/07 clustered in the American lineage (Fig. S1d) . The PB2 gene clustered in the Eurasian lineage, with two sublineages showing 87.4-88.3 % nucleotide identity (Fig. S1c) . The PB2 genes of Dk/372/09 and Wd/PSC30-20/09 and the PA genes of Dk/372/09, Wbf/UPO218/08 and Dk/U11-1/07 showed a close relationship with those of H5N1 viruses circulating recently in Korea (Fig. S1c, e) . The NS genes typically comprised two major sublineages: one wild-bird virus (isolated in 2010) and one domestic duck virus (isolated in 2009) clustered with allele B, whereas the remainder clustered with allele A (Fig. S1h) .
Replication of H1 viruses in chickens, domestic ducks and mice
To examine the pathogenicity of the H1 subtype AIVs in chickens, domestic ducks and mice, each of the selected viruses [10 6.5 50 % egg infectious dose (EID 50 )] was inoculated intranasally into 5-week-old specific-pathogenfree (SPF) chickens, 2-week-old domestic ducks (Pekin duck) and 6-week-old BALB/c mice. None of the tested H1 subtype viruses induced clinical signs in inoculated chickens or domestic ducks. The replication of domestic duck viruses in chickens was much higher than that of wild-bird viruses, and domestic duck viruses were recovered from oropharyngeal (OP) and cloacal (CL) swabs at 5-7 days post-inoculation (p.i.) and 7-10 days p.i., respectively (Table 1) . By contrast, both domestic duck and wild-bird viruses replicated poorly in domestic ducks, showing low titres in OP swabs. Many of the viruses were rarely detected in CL swabs at 10 days p.i. None of the swine viruses replicated in chickens or domestic ducks (Table 1) . In agreement with the virus replication results, chicken and domestic ducks infected with domestic duck and wild-bird viruses showed partial seroconversion, whereas no seroconversion was evident in chickens or domestic ducks infected with swine viruses (Table 1) . No H1 viruses were recovered from tissue samples (trachea, lung, caecal tonsil, spleen and kidney) taken from infected chickens or domestic ducks (data not shown).
By contrast, all but two viruses (Dk/U11-1/07 and Wbf/ PSC30-20/10) were recovered from the lung tissues of inoculated mice within 7 days p.i. and showed a relatively high titre (Table 2) ; these viruses also induced clinical signs such as ruffled fur and squatting. However, virus replication was restricted to respiratory tract tissue (lung), indicating that the viruses did not spread systemically in this model (data not shown). In addition, compared with the non-inoculated control group, all of the viruses (except Dk/U11-1/07) caused significant weight loss in mice; no deaths occurred during the experiment (Fig. 2) . Significant weight loss (P,0.01) was apparent at 7 days p.i. for Dk/ 372/09, at 3 days p.i. for Wbf/CSM12/07, at 1, 7 and 9 days p.i. for Wbf/UPO218/08, at 5-11 and 13-14 days p.i. for Wd/PSC30-20/10, at 1 and 3-11 days p.i. for Sw/GBCG01/ 10 (H1N1), at 1-14 days p.i. for Sw/GNO5K1/05 and at 5-8 days p.i. for Sw/251-1/08 in mice.
Antigenic analysis
Three genetically distinct lineages of swine, domestic duck and wild-bird H1 viruses were identified in this study.
To examine whether such genetic heterogeneity was accompanied by antigenic variability, we next tested eight representative viruses from each lineage for cross-reactivity in a haemagglutination inhibition (HI) assay using antisera against the eight selected viruses raised in SPF chickens. Consistent with the phylogenetic analysis, antisera against both domestic duck and wild-bird viruses cross-reacted (r50.50-1.41), providing evidence for antigenic similarity among H1 domestic duck and wild-bird viruses. By contrast, antisera against swine viruses showed little or no cross-reactivity (r50-0.35) with domestic duck or wildbird viruses, demonstrating antigenic differences between the H1 avian and swine viruses (Table 3) .
DISCUSSION
Despite considerable host species barriers, interspecies transmission of influenza A viruses among wild birds, poultry and pigs has been demonstrated repeatedly. In particular, subtypes H1 and H3 can be transmitted between pigs and poultry. Although the H1 subtype is one of the most abundant viruses isolated from wild birds and is routinely isolated from swine and humans, the viral and host factors contributing to influenza transmission between pigs and poultry are poorly understood. To the best of our knowledge, the present study is the first to use genetic analyses and animal experiments to examine the transmission of H1 AIVs between domestic ducks, wild birds and swine in Korea. We selected two domestic duck viruses, three wild-bird viruses and three swine viruses.
The H1 virus antigens were characterized in HI tests using polyclonal antisera against selected influenza A viruses. The domestic duck and wild-bird viruses cross-reacted with each other (r value50.50-1.41) but could still be distinguished clearly from swine H1 viruses. Furthermore, phylogenetic analysis revealed that all gene segments of the three swine isolates (Sw/GBCG01/10, Sw/GNOK1/05 and Sw/251-1/08), including the HA gene (Fig. 1) , clustered separately from those of domestic duck and wild-bird H1 viruses (Fig. S1 ). Taken together, the results of the serological and phylogenetic analyses suggested that there were no relationships between avian and swine H1 viruses, which is in agreement with previous findings showing that swine viruses can clearly be distinguished from all avian H1N1 viruses (Brown et al., 1997) . Whilst the HA gene of Sw/GBCG01/10 was derived from the swine lineage, the remaining genes were derived from the human lineage (Figs 1 and S1a, c-h), indicating that reassortment had occurred (to yield a human-swine reassortant virus). The H1 avian isolates, including domestic duck viruses, belonged to the Eurasian gene pool along with other (mainly wild-bird) viruses, whereas the PB1 gene in one of the wild-bird viruses (Wbf/ CSM12/07) belonged to an American lineage (Fig. S1d) . This finding indicated that H1 viruses from domestic ducks originated directly from wild birds, and that intercontinental transmission has (in part) occurred through limited overlap of American and Eurasian bird migratory flyways. Virus shedding in chickens and domestic ducks differed according to the origin of the H1 virus. As shown in Table  1 , two of the domestic duck viruses replicated efficiently in chickens. The viruses from both OP and CL swabs mainly replicated from 5 to 10 days p.i. These results indicated that the domestic duck H1 viruses have the potential to infect other birds and provide gene segments for further genetic reassortment with AIVs, which could lead to the generation of new virus strains. Meanwhile, three of the wild-bird viruses were poorly recovered, showing low titres in chicken OP swabs and being undetectable in CL swabs within 10 days p.i. All of the domestic duck and wild-bird viruses from OP and CL swabs replicated poorly in domestic ducks. Although domestic ducks are poultry, they are unlike chickens in that they act as a natural reservoir of influenza viruses, much like wild birds. They do not act as amplifying hosts, and the viruses replicate to low titre with no signs of disease.
All three swine viruses, none of which replicated in chickens or domestic ducks, replicated to relatively high titres in experimentally inoculated mice, resulting in clinical signs such as severe weight loss, ruffled fur and squatting. Furthermore, most domestic duck and wild-bird viruses replicated efficiently to relatively high titres in the lungs of mice. These findings demonstrate the potential of domestic duck, wild-bird and swine H1 viruses to cause disease in mammals without prior adaptation.
Some key amino acids encoded by the gene segments may play vital roles in host-range adaptation, the pathogenicity of influenza A virus in different hosts, receptor binding and antiviral drug resistance; these traits are polygenic (Liu et al., 2011) . When we aligned the deduced amino acid sequences of the H1 genes of influenza A isolates, we found that all harboured the sequence PSIQSR/GLF, which is characteristic of low-pathogenicity influenza A viruses. Receptor-binding sites, particularly Q224 and G226, are similar in all H1 viruses regardless of host origin, suggesting that these viruses would preferentially bind to 2,3-linked sialic acid receptors predominant in avian species (Bateman et al., 2008) . None of the H1 viruses examined in this study harboured deletions in the NA stalk regions, a trait that is typical of virus adaptation to terrestrial poultry (Matrosovich et al., 1999) . All of the H1 viruses studied here retained an E at position 627 of the PB2 protein; none contained the K residue that allows enhanced replication in mammalian cells (Hatta et al., 2001; Shinya et al., 2004) . By contrast, the three swine viruses harboured D190 and D225 substitutions in HA, which are key determinants for effective binding to human-like a(2,6) receptors (Srinivasan et al., 2008; Tumpey et al., 2007) . Moreover, other mutations -L89V in PB2, full-length (90 aa) PB1-F2, and P42S in NS1 -were also identified, all of which confer virulence in mammals (Jiao et al., 2008) . Overall, we did not find any differences in pathogenicity determinants among the H1 viruses investigated. Further studies are needed to determine whether other genetic determinants are important for pathogenicity in poultry and mammals.
The anti-influenza drugs amantadine and rimantadine target the M2 protein. The substitution S31N in recently identified European swine viruses, including the H1N1, H1N2 and H3N2 viruses, confers resistance to these drugs (Marozin et al., 2002) . In addition, previous studies report that Korean H6, H3 and H4 viruses show a relatively high frequency of amantadine-resistant isolates (Choi et al., 2012; Kang et al., 2013; Kim et al., 2010) . In the present study, we identified the S31N substitution in the M2 protein of one swine isolate, Sw/GBCG01/10, suggesting that this isolate is not sensitive to this class of antiviral drugs. Further studies are required to identify the factors influencing this mutation and to determine the sources of this gene and its increasing effects on human and animal health.
In conclusion, the findings presented here illustrate that H1 AIVs circulating in ducks and wild birds in Korea show both antigenic and genetic similarities, although we found no relationship between avian and swine viruses. However, we did observe partial viral gene transfer between the swine and human lineages. The replication of these H1 viruses in mice was accompanied by relatively high titres, regardless of host origin. Thus, although there is no evidence for any interspecies transmission of the isolated H1 viruses between birds and swine, these H1 viruses conceivably have the potential to expand their host range to mammals. Therefore, these results suggest that avoiding contact between different animal species, such as poultry, wild birds, swine and humans, is a good way to prevent interspecies transmission.
METHODS
Virus isolation. Three of the swine viruses examined in this study were obtained from the viral disease division at the Animal and Plant Quarantine Agency, whilst the faecal and swab samples were collected Table 3 .
Antigenic analysis of H1 AIVs isolated in Korea
Values are expressed as the HI titre. The titre of the homologous antigen group is shown in bold. *The r value is shown in parentheses: r5(r from duck farms and wild-bird habitats in Korea. Each sample was suspended in an antibiotic/PBS solution and centrifuged at 2739 g for 5 min. Each supernatant was then inoculated into the allantoic cavity of a 9-11-day-old embryonated chicken egg and incubated at 37 uC for 4-5 days. The allantoic fluid from the incubated eggs was harvested and centrifuged to purify the viruses. Viruses were detected using an HA assay, and then subtyped by reverse transcription-PCR using influenza-specific primers (Lee et al., 2001) and an NA inhibition test (OIE, 2009 ).
Identification of host bird species. A barcoding system based on the mitochondrial DNA sequences in bird faeces (Hebert et al., 2004; Lee et al., 2010) was used to identify the host species. Briefly, mitochondrial DNA was extracted from fresh faecal samples using a DNA Stool Mini kit (Qiagen) according to the manufacturer's protocol. Universal and modified primers were then used to amplify the gene encoding mitochondrial cytochrome oxidase subunit I . The resulting PCR products were sequenced and identified using information provided on the Barcode of Life Data Systems website (http://www.barcodinglife.org).
Sequencing and phylogenetic analysis. Viral genes were sequenced and analysed as described previously (Hoffmann et al., 2001) . Briefly, viral RNA was extracted from the allantoic fluid of embryonated eggs using a Viral Gene-spin viral DNA/RNA Extraction kit (iNtRON). PCR products were purified from agarose gels using a QIAquick Gel Extraction kit (Qiagen). The PCR products were then sequenced in an ABI 3730 XL DNA sequencer (Applied Biosystems).
The sequencing contigs were assembled and the collated nucleotide sequences translated into a deduced amino acid sequence using the VectorNTI Advance program (Invitrogen). The sequence data were aligned using the AlignX multiple sequence alignment tool in the VectorNTI Advance program (Lu & Moriyama, 2004 ). A phylogenetic tree was then reconstructed using the neighbour-joining method within CLUSTAL_X version 1.83, with 1000 bootstrap replicates. The final tree outfile was visualized using TreeView Win32 software (http:// taxonomy.zoology.gla.ac.uk/rod/treeview.html). Phylogenetic analysis was based on the surface genes and internal genes of all eight isolates. Other sequences used for genetic comparison were obtained from the NCBI database.
Experimental infection of chickens, domestic ducks, and mice.
To assay virus pathogenicity in animals, each virus was inoculated into 5-week-old SPF chickens, 2-week-old commercial Pekin ducks (Korea) or 6-week-old BALB/c mice (Orient Bio); all were free from antibodies to AIVs. Animals were inoculated with 10 6.5 EID 50 in 0.1 ml (50 ml in mice) via the intranasal route. For chickens and domestic ducks, virus shedding was assayed by taking OP and CL swab samples at 1, 3, 5, 7, 10 and 14 days p.i. To examine viral distribution in infected hosts, three animals per group were sacrificed at 3 days p.i., and tissue samples (trachea, lung, caecal tonsil, spleen and kidney) were removed aseptically. Likewise, lung tissue from three mice per group was taken at 1, 3, 5, 7, 10 and 14 days p.i., and five mice per group were observed for clinical signs and weighed for 14 days. The samples were inoculated into 9-11-day-old embryonated chicken eggs, and virus growth in the allantoic fluid was measured using an HA test. Serum samples from chickens and domestic ducks were taken at 14 days p.i. and tested in an HI assay using four haemagglutination units (HAU) of antigen and 1 % chicken erythrocytes. Virus titres were calculated as described previously (Reed & Muench, 1938) . Statistical analysis was performed using Student's t-test. A P value of ,0.05 was considered statistically significant. All animals used in this study were cared for in accordance with the guidelines set down by the Institutional Animal Care and Use Committee of Korea.
Antigenic analyses. Antigenic analyses were performed using an HI test based on chicken antisera raised against the tested viruses, as described previously (OIE, 2009) . To generate the antisera, 5-weekold SPF chickens were injected with 0.5 ml oil emulsion-inactivated virus. The antisera were collected 2 weeks later. The HI test used 4 HAU of antigen and 1 % chicken erythrocytes, and the r value was calculated as described previously (Archetti & Horsfall, 1950) .
